Journal Name ARTICLE This journal is a Most fluorescent indicators for Mg 2+ suffer from poor selectivity against other divalent cations, especially Ca 2+ , thus do not provide reliable information on cellular Mg 2+ concentrations in processes in which such metals are involved. We report a new set of highly selective fluorescent indicators based on alkoxystyryl-functionalized BODIPY fluorophores decorated with a 4-oxo-4H-quinolizine-3-carboxylic acid metal binding moiety. The new sensors, MagQ1 and MagQ2, display absorption and emission maxima above 600 nm, with a 29-fold fluorescence enhancement and good quantum yields (Φ > 0.3) upon coordination of Mg 2+ in aqueous buffer. Fluorescence response to Mg 2+ is not affected by the presence of competing divalent cations typically present in the cellular milieu, and displays minimal pH dependence in the physiologically relevant range. The choice of alkoxy groups decorating the styryl BODIPY core does not influence the basic photophysical and metal binding properties of the compounds, but has a marked effect on their intracellular retention and thus in their applicability for detection of cellular Mg 2+ by fluorescence imaging. In particular, we demonstrate the utility of a triethyleneglycol (TEG) functionalization tactic that endows MagQ2 with superior cellular retention in live cells by reducing active extrusion through organic anion transporters, which are thought to cause fast leakage of typical anionic dyes. With enhanced retention and excellent photophysical properties, MagQ2 can be applied in the detection of cellular Mg 2+ influx without interference of high concentrations of Ca 2+ akin to those involved in signaling.
Introduction
Tightly regulated levels of Mg 2+ within mammalian cells are essential for maintaining numerous fundamental processes including enzyme activation, 1 regulation of K + and Ca 2+ ion transport [2] [3] [4] and stabilization of chromatin structure, 5 among others. Recently, Mg 2+ was shown to act as a second messenger coupled with T-cell receptors, activating a series of intracellular effectors in lymphocytes. [6] [7] To date, however, the involvement of Mg 2+ in signaling and regulation of cellular activity remains mostly underexplored and somewhat controversial. This stands in contrast to the detailed knowledge on the role of Ca 2+ in signaling, garnered over decades of research. The obvious disparity stems partly from the lack of sensors that can selectively detect transient changes of intracellular Mg 2+ concentrations without interference from Ca 2+ . Current commercially available fluorescent probes for cellular Mg 2+ detection, including FURAPTRA 8 (a.k.a. Mag-Fura-2) 9 and Mag-fluo-4, 9 are based on the o-aminophenol-N,N,Otriacetic acid (APTRA) metal binding group. This pentadentate chelator has been shown to form complexes with Mg 2+ with a dissociation constant in the low millimolar range, 10 which is optimal for achieving maximum sensitivity in the detection of typical cellular concentrations of "free" or "ionized" Mg 2+ (0.5 mM -1.0 mM). 3 A significant drawback of APTRA, however, is the formation of tight complexes with other cations also present in biological samples, such as Ca 2+ and Zn 2+ , 9, [11] [12] [13] [14] [15] that may cause significant interference in Mg 2+ detection in systems with high levels of these metals. In particular, despite being much less abundant than Mg 2+ in the intracellular milieu, Ca 2+ ions involved in cellular signaling can rise to concentration ranges that are orders of magnitude higher than the typical basal levels, and may fall in the detection range of the sensors. 16 Under these circumstances, APTRA-based sensors are likely to yield ambiguous results that hinder the study of Mg 2+ in the context of Ca 2+ -mediated signaling processes. Seeking to alleviate the interference from Ca 2+ in the detection of cellular Mg 2+ , fluorescent indicators based on binding motifs with enhanced selectivity profiles have been long pursued. Farruggia et al reported the application of DCHQ series of fluorescent sensors, based on a diaza-18-crown-6 hydroxyquinoline motif, for the selective imaging of intracellular Mg 2+ . These sensors display a fluorescence enhancement upon Mg 2+ binding, whereas other metals ions such as Ca 2+ and Zn 2+ only induce a minor response in concentration ranges that are well above biologically relevant levels. 17 The affinity for Mg 2+ of these sensors is quite high (K d values of 44 and 73 μM for DCHQ1 and 2, respectively), hence they are thought to report total magnesium concentration based on their ability to outcompete natural intracellular chelators of the cation. [17] [18] The groups of Oka and Suzuki adopted the 4-oxo-4H-quinolizine-3-carboxylic acid Mg 2+ binding motif 19 and appended it to fluorophores such as fluorescein and rhodamine. [20] [21] The resulting Mg 2+ -selective turn-on fluorescent probes, i.e. the KMG series, have been shown to report Mg 2+ dynamics in living cells successfully.
Unfortunately, the fluorescein-based KMG 104 20 only shows modest "turn-on" ratio and low fluorescence quantum yield (Φ = 0.02) upon chelation of Mg 2+ , which requires substantial loading of the probe and yields weak signal that may be affected by interference from cellular autofluorescence. The rhodamine-based analogue KMG 301 21 with high metal selectivity. 22 The fluorescence "turn-off" response of these probes, however, is best suited for the detection of Mg 2+ depletion and limits their general applicability. In this context, bright fluorescent indicators with high turn-on ratio and low-energy excitation, more generally applicable for detection of intracellular Mg 2+ fluctuations, are critical but still missing tools for the study of cellular processes involving this metal cation. In this report, we address this deficiency and introduce a new set of highly selective, red-emitting turn-on fluorescent indicators for intracellular Mg 2+ . We illustrate their application in the detection of metal uptake in live cells, with no detectable interference from cellular Ca 2+ , and demonstrate a triethyleneglycol (TEG) functionalization tactic for enhanced intracellular retention valuable in fluorescence microscopy imaging experiments.
Results and discussion

Design and synthesis of BODIPY-based fluorescent indicators for Mg 2+
Our basic indicator design is comprised of two main components, namely a 4-oxo-4H-quinolizine-3-carboxylic acid 19 serving as a Mg 2+ -selective recognition motif, and a redemitting alkoxystyryl-functionalized boron-dipyrromethene (BODIPY) fluorophore that serves as reporter and translates the binding event into a fluorescence output (MagQ1, Figure  1 ). Fluorophores of the BODIPY family are remarkable for their brightness, photostability, and low sensitivity to pH fluctuations compared to common charged dyes such as fluorescein and rhodamine, thus have become increasingly popular in the design of sensors and tags for bioimaging applications. [23] [24] [25] One other notable aspect of some BODIPY derivatives, however, is their limited water solubility and tendency to form aggregates that affect their optical properties. [26] [27] To ensure sufficient water solubility of our indicator and avoid potential accumulation in cellular lipophilic compartments, charged carboxypropionyl groups were incorporated onto the 2 and 6 position of the BODIPY core. Photoinduced electron transfer (PeT) between the metal binding group and the BODIPY fluorophore is exploited here for modulation of the fluorescent output of the indicator, endowing it with metal-sensing capabilities. Specifically, Nagano and coworkers have shown that aryl substituents at the 8 position of 1,3,5,7-tetramethyl-BODIPY fluorophores have a marked influence on the fluorescence quantum yield of the dye, acting as either oxidants or reductants of the excited BODIPY and leading to quenching of the fluorescence emission. [28] [29] [30] For our system, we anticipated that photoinduced reduction of the BODIPY by the quinolizine moiety would lead to formation of a non-emissive charge separated state resulting in low fluorescence output. Upon coordination of Mg Synthesis of MagQ1 was achieved in two stages, as shown in Scheme 1. First, synthesis of BODIPY 3 was achieved via onepot reaction starting from acid-catalyzed condensation of ethyl 1-formyl-4-oxo-4H-quinolizine-3-carboxylate 19 (1) and pyrrole 2 32 . The resulting intermediate was immediately oxidized by 1,3-dichloro-5,6-dicyano-benzoquinone (DDQ), and the fluorophore core was completed via treatment of BF 3 ·OEt 2 in the presence of Hünig's base. The ester moieties in compound 3 can be hydrolyzed under basic conditions followed by neutralization to yield green-emitting BODIPY 3a, which displays Mg 2+ sensing capabilities of its own. Nevertheless, the limited fluorescence enhancement and very low quantum yield displayed by this compound in aqueous solution (results not shown), discouraged us from pursuing it further in the context of imaging applications. During the course of our studies, Vendrell and coworkers reported a related BODIPY compound, devoid of the water-solubilizing carboxypropyl groups, and demonstrated similar Mg 2+ sensing properties but only in aqueous/organic solvent mixtures. 33 In the second stage of the synthesis, the fluorophore core of BODIPY 3 was extended via Knoevenagel condensation with aldehyde 4, endowed with a glycol substituent to aid the water solubility of the resulting alkoxystyryl BODIPY 6. MagQ1 was obtained by hydrolysis of the ester substituents under basic conditions. Similar protocol was employed for the synthesis of triethylene glycol (TEG) substituted analogue MagQ2 (vide infra).
Photophysical and metal binding properties of Mg 2+ indicators
Indicator MagQ1, with its styryl-functionalized BODIPY core, displays an absorption maximum at 600 nm ( Figure S1 ) and fluorescence emission maximum at 635 nm in aqueous buffer at pH 7.0, 25 °C ( Figure 2 and Table 1 ). The sensor is weakly fluorescent in the absence of Mg 2+ , with a quantum yield of Φ = 0.01. Addition of Mg 2+ , on the other hand, induces a significant increase of the fluorescence intensity (29-fold increase, Φ = 0.35 in the Mg 2+ saturated form) with negligible spectral shift. These observations are consistent with a sensing mechanism involving modulation of PeT, which is expected to result in a fluorescence emission enhancement with little or no effect on the absorption profile. The photophysical properties of MagQ1, particularly the long wavelength excitation and emission maxima, combined with high brightness and good fluorescence enhancement for Mg 2+ detection (summarized in Figure S2 ), using a 1:1 metal-to-indicator binding model. The K d of the complex was found to be 1.50 ± 0.02 mM, a desirable dissociation constant to ensure optimal sensitivity for the detection of typical intracellular concentrations of this metal.
Studies by Levy and coworkers 19 have revealed that the 4oxo-4H-quinolizine-3-carboxylic acid motif, which on its own is somewhat fluorescent, is insensitive to chelatable Ca 2+ even in millimolar concentrations that far exceed typical biological levels of this cation (~100 nM 16 ). We anticipated that MagQ1 would share similar features and display good metal selectivity profile. Indeed, as shown in Figure 3A , whereas significant fluorescence enhancement is observed in the presence of a physiologically relevant concentration of Mg 2+ (1 mM), almost no fluorescence turn-on is observed upon treatment with other divalent metal ions, including Ca 2+ and the first row transition metal ions from Mn 2+ to Zn 2+ (10 μM). It should be noted that the exchangeable or chelatable pools of transition metal ions in the cellular milieu typically fall in concentration ranges that are much lower than those tested here, thus they are unlikely to induce a false fluorescence response in cellular imaging experiments. Furthermore, none of the tested metal ions, with the exception of Cu 2+ in high concentrations, appears to interfere with the detection of Mg 2+ in competition Taking into consideration that intracellular pH varies among different subcellular compartments, ranging from ~5.0 in lysosomes 34 to ~8.0 in mitochondria 35 , the effect of pH on the performance of MagQ1 for the detection of Mg 2+ was investigated as well. As shown in Figure 3C , in the absence of Mg 2+ , the sensor remains weakly fluorescent over the whole pH range investigated. Treatment with the metal ion, on the other hand, leads to consistent turn on of the fluorescence emission, thus suggesting that natural pH variations among various cellular compartments will not affect the detection of Mg 2+ with the new sensor.
Imaging of intracellular Mg 2+ with MagQ1 in living cells
Encouraged by the optimal affinity and selectivity for Mg 2+ , combined with excellent tolerance to intracellular pH fluctuations and high turn-on ratio of the new sensor, we proceeded to evaluate MagQ1 for imaging Mg 2+ in living cells.
MagQ1 is negatively charged at pH 7 due to deprotonation of the carboxylic acid groups, thus has limited ability to diffuse across the cell membrane and enter the cells (results not shown). Hence, to enable cellular loading of the sensor, the free acid was converted into the neutral acetoxymethyl (AM) ester derivative, 36 MagQ1-AM (Scheme S1), which is membrane permeable. Once internalized, intracellular esterases will cleave off the ester moieties, thus activating the pro-sensor for Mg 2+ imaging. This non-invasive loading strategy has been widely used to deliver carboxylate-based fluorescent indicators into living cells, including various examples of Mg 2+ indicators. 8, [20] [21] [37] [38] [39] [40] As shown in Figure 4 , MagQ1 enables imaging of endogenous Mg 2+ in living HeLa cells, evidenced by the strong red fluorescence emission captured with a standard Texas Red filter set in a widefield fluorescence microscope. To verify the responsiveness of the new sensor to changes in intracellular Mg 2+ levels, we artificially induced an influx of the cation into the cells by treatment with high concentration of exogenous MgCl 2 and ionophore 4-bromo A23187 (Thermo Fisher Scientific). This ionophore is a non-fluorescent derivative of mobile ion-carrier A23187 (Calcimycin), which equilibrates [41] [42] [43] Under these cation influx conditions, the average fluorescence signal per cell originating from MagQ1 was significantly higher than that observed in control cells incubated either without the ionophore or in medium depleted of exogenous divalent ions ( Figures 4B,C) . These results confirm that the sensor is indeed responsive and able to report on changes in cellular Mg 2+ ( Figure 4C ). Furthermore, the sensor is not toxic under the conditions typically employed for imaging, as demonstrated by cell viability studies conducted at concentrations up to ten-fold higher than those employed in our own imaging experiments ( Figure S3 ). To evaluate the potential for interference in Mg 2+ detection caused by Ca 2+ surges typically involved in cellular signaling, we also measured the fluorescence intensity of MagQ1 in cells treated with a high concentration of exogenous Ca 2+ accompanied by the 4-bromo A23187 ionophore. The average fluorescence signal per cell obtained under these conditions showed no obvious enhancement with respect to control cells ( Figure S4 ). These results are consistent with the metal selectivity profile displayed by the sensor in vitro, and clearly demonstrate the ability of MagQ1 to sense intracellular Mg 2+ without interference from Ca 2+ at elevated concentrations that are most relevant to signaling processes.
Despite the outstanding photophysical properties of MagQ1 and the encouraging results in Mg 2+ detection in cellulo, an overall decrease in absolute fluorescence intensity over time was observed in all microscopy imaging experiments conducted, suggesting poor intracellular retention of the sensor under typical imaging conditions. This drawback is common for negatively charged small molecule sensors employed in cation detection, 44 which are thought to be rapidly excreted through organic anion transporters (OAT, Figure 5A ). 45 For MagQ1, incubation at 25 °C (in the absence of a cation influx) led to loss of ~60% of the original signal over 30 min ( Figures 4B and S5) . Similar loss was observed upon incubation in media either supplemented with or depleted of Mg 2+ , indicating that the decrease in signal corresponds to dye leakage and not to a turn-off due to decrease in intracellular cation concentration. In contrast, treatment of the cells with 2.5 mM probenecid (p-[dipropylsulfamoyl]benzoic acid), an inhibitor of OAT, leads to full retention of the signal over the period of observation ( Figure 5B ). In combination, these results imply that the loss of signal does not correspond to photobleaching of the fluorophore but instead to its extrusion from the cell, and support the notion that the main mechanism of extrusion is some form of probenecid-sensitive active transport, and not simple diffusion.
Enhancing cellular retention: development of sensor MagQ2
To address the limited intracellular retention of MagQ1 while maintaining its attractive properties for Mg 2+ sensing, we sought to investigate possible chemical modifications on the structure of the sensor that would possibly change the membrane permeability and interaction with biomolecules while imposing minimal electronic influence on either the metal-recognition moiety or the fluorophore. We concentrated on replacing the alkoxy substituents of the alkoxystyryl BODIPY and chose trethylene glycol (TEG) substituents, which would impart some of the attractive features of polyethylene glycol (PEG) conjugation seen in biomolecules and pharmaceuticals, such as reduction of interactions with (other) biomolecules, 46-47 while maintaining the sensor in the small molecule regime suitable for passive cellular uptake. TEG-functionalized analogue MagQ2 (Figure 1 ) was obtained by similar protocol to that developed for the synthesis of MagQ1 (Scheme 1), replacing aldehyde 4 by TEGsubstituted benzaldehyde 5 in the Knoevenagel condensation step. Compared to its predecessor MagQ1, the new sensor MagQ2 inherited all the attractive photophysical properties, including low excitation energy, large turn-on ratio and high quantum yield. The compounds also display virtually identical Mg 2+ binding and selectivity ( Figures S6-9 and Table 1 ). In contrast, MagQ2 (loaded as the membrane-permeable acetoxymethyl ester derivative MagQ2-AM) displays a significantly improved cellular retention profile compared to MagQ1, with 75-80% of the average fluorescence signal maintained in living HeLa cells over 30 min of incubation in normal imaging medium ( Figures 6 and S10) . Such difference suggests that the TEG modification on the styryl-BODIPY core offers an effective tactic for enhancing the cellular retention of the sensor by reducing the interaction with the transporters responsible for the extrusion of organic anionic dyes. Moreover, the increased retention does not have an effect on cell viability ( Figure S11 ), thus has an overall positive impact on the applicability of the sensor for live cell imaging purposes. We then evaluated the fluorescence response of MagQ2 to intracellular changes in Mg 2+ concentration in living HeLa cells by fluorescence microscopy. An influx of Mg 2+ was generated by the same protocols applied for the evaluation of sensor MagQ1, treating with exogenous MgCl 2 and an ionophore. As shown in Figures 6B and 6C , a clear fluorescence enhancement of the sensor was captured within 5 min after the treatment, and the average fluorescence intensity per cell remained elevated compared to control samples during the 30 min period of observation. The results confirm that, like its non-TEGylated predecessor, MagQ2 is also able to report on changes in Mg 2+ concentration in live cells. Yet with enhanced cellular retention, this sensor offers a new, valuable tool for fluorescence microscopy applications that may help address pressing questions in magnesium biology.
Conclusions
In . Despite their identical photophysical and metal-binding properties, MagQ1 and MagQ2 present very distinct cellular retention profiles that define their applicability in microscopy imaging experiments. Specifically, we demonstrated that functionalization of the BODIPY fluorophore with triethyleneglycol groups in MagQ2 has no significant impact on the basic photophysical and Mg 2+ sensing properties of the compound compared to MagQ1, but endows it with superior retention in live cells by decreasing active extrusion that likely involves organic anion transporters. These results are significant in that they provide a first demonstration of a simple molecular functionalization strategy that alleviates a common mechanism of extrusion affecting not only many fluorescent sensors for cations, but also anionic organic dyes and drugs in general. With low energy excitation, good Mg 2+ -induced fluorescence enhancement and excellent metal selectivity profile, the reported sensors offer new alternatives for the study of cellular magnesium biology by fluorescence techniques, and are particularly suited for the study of this cation in systems with elevated concentrations of competing metals such as in the context of calcium signaling.
Experimental Section
General materials and Synthetic Methods
Compounds 1 19 , 2 32 and 5 48 and methyl 2-bromoacetate 49 were synthesized using reported procedures. All other reagents were purchased from commercial sources and used as received. Solvents were purified and degassed by standard procedures. Analytical thin layer chromatography (TLC) was conducted on SorbTech polyester-backed 200 μm silica gel sheets. NMR spectra were acquired on Bruker Avance 400 and Avance III 600 MHz with triple resonance CTPCIcryoprobehead spectrometers. 1 H NMR chemical shifts are reported in ppm relative to SiMe4 (δ = 0) and were referenced internally with respect to residual protio impurity in the solvent (δ 7.26 for CDCl 3 , 2.05 for acetone-d 6 and 2.50 for DMSO-d 6 ). 50 13 C NMR chemical shifts are reported in ppm relative to SiMe 4 (δ = 0) and were referenced internally with respect to the solvent signal (δ 77.16 for CDCl 3 , 29.84 for acetone-d 6 ). 50 19 F NMR chemical shifts are reported relative to CFCl 3 (δ = 0) and were referenced using C 6 H 5 CF 3 in CDCl3 as external standard (δ = -63.72). 51 
Synthesis of MagQ1
A sample of 6 (8 mg, 9.8 μmol) was suspended in a mixture of isopropanol (0.5 mL) and water (0.5 mL). The suspension was treated with 0.5 mL of saturated aqueous Ba(OH) 2 solution and stirred vigorously at R.T. The reaction was monitored to completion by HPLC (~8 h). The resulting mixture was cooled in an ice bath and acidified by addition of 1 M HCl solution. The precipitate was collected via filtration and purified by preparative reversed phase HPLC to afford the product as purple solid (1.6 mg, 22% yield). 
Synthesis of MagQ2
A sample of 7 (4 mg, 3.8 μmol) was dissolved in a mixture of isopropanol (0.2 mL) and water (0.2 mL). The solution was treated with 0.2 mL of saturated aqueous Ba(OH) 2 solution and stirred vigorously at R.T. The reaction was monitored to completion by HPLC (~3 h). The resulting mixture cooled in an ice bath, neutralized by addition of 1 M HCl solution, and purified by preparative reversed phase HPLC to afford the product as purple solid (1.0 mg, 26% yield). 
General procedure for the preparation of MagQ1-AM and MagQ2-AM
Following completion of the hydrolysis of compound 6 or 7, as described in the protocol for the preparation MagQ1 and MagQ2, respectively; the reaction was neutralized by 1 M HCl aqueous solution and then lyophilized. The residue was suspended in a mixture of DMF/Acetonitrile (1:2, v/v, 120 μL/mg of 6 or 7) and treated with K 2 CO 3 powder (10 equiv), followed by addition of methyl 2-bromoacetate (15 equiv). The mixture was stirred vigorously at R.T. for 1 h, after which the reaction was complete by HPLC analysis. The resulting suspension was filtered and the filtrate was purified by preparative HPLC to afford the desired product MagQ1-AM (11% yield in two steps) or MagQ2-AM (14% yield in two steps). The product was dissolved in acetonitrile (concentration of the solutions was quantified using the molar absorptivity of compound 6 at 600 nm, ε 600 = 62900 ± 900 M −1 ⋅cm −1 , measured in the same solvent at 25 °C) and the resulting solution was divided into aliquots of 20 nmol and evaporated in a centrifugal evaporator. The solid aliquots were stored at -20 °C until use.
MagQ1-AM:
HR 
General Spectroscopic Methods
All aqueous solutions were prepared using de-ionized water having a resistivity of 18 MΩ.cm. Other solvents were supplied by commercial vendors and used as received. Organic buffers, high purity metal chlorides, high-purity 25% HCl, and high purity 45% KOH were purchased from Sigma Aldrich. Quantitative solutions of the sensors in their acid form were stored at -20 °C in 50 μL aliquots in DMSO, and thawed immediately before each experiment. Measurements at pH 7.0 were conducted in aqueous buffer containing 50 mM PIPES and 100 mM KCl. Buffers were treated with Chelex resin (Bio-Rad) according to the manufacturer's protocol to remove adventitious metal ions unless otherwise noted. Measurements of pH were conducted using a Mettler Toledo FE20 with glass electrode. UV-visible absorption spectra were acquired on a Cary 100 spectrophotometer using quartz cuvettes (1 cm path length). Fluorescence spectra were acquired on a QuantaMaster 40 Photon Technology International spectrofluorometer equipped with xenon lamp source, emission and excitation monochromators, excitation correction unit, and PMT detector. Emission spectra were corrected for the detector wavelength-dependent response. The excitation spectra were corrected for the wavelengthdependent lamp intensity. Measurements were conducted at 25.0 ± 0.1 °C. Fluorescence quantum yields were determined using 0.1-1.0 μM solutions of the sensor in aqueous buffer at pH 7.0, exciting at the reported excitation maxima. Solutions of cresyl violet in methanol, with a reported quantum yield of 0.66 upon excitation at 610 nm 52 were used as standards.
Fluorescence emission spectra were integrated from 580 to 750 nm. Data for metal selectivity studies were collected on a FlexStation 3 Multi-Mode Microplate Reader from Molecular Devices. The sensors were excited at 600 nm and the fluorescence intensity was recorded at 635 nm. ] t in the cuvette. Excess metal was employed to confirm the saturation value. Changes in fluorescence intensity were observed immediately upon mixing and were stable over time. For each titration, the metal stock solution was treated with an appropriate amount of the sensor to match the concentration in the cuvette and prevent sensor dilution throughout the experiment. Apparent K d values for Mg 2+ dissociation were obtained from non-linear fitting using equation S1, where F min is the integrated fluorescence emission of the sensor in the absence of metal and F max is the integrated fluorescence emission of the sensor at metal saturation. 
Determination of metal dissociation constants
Sensor loading and fluorescence imaging
Live HeLa cells were bathed in DMEM containing 1 μM of MagQ1-AM or MagQ2-AM in 0.01% Pluronic F-127 at R.T. for 30 min. The medium was then removed and the cells were rinsed with 2 mL of DMEM, followed by incubation in fresh DMEM at R.T. for 1 h to allow deesterification of the AM esters. The medium was then removed and cells were washed twice with HHBSS (20 mM HEPES-buffered HBSS containing 0.8 mM MgCl 2 , 1.8 mM CaCl 2 and 2 g/L glucose) and bathed in 1 mL HHBSS for fluorescence imaging. After an initial image was collected, an additional 1 mL of HHBSS was added to the plate on the microscope stage and fluorescence images were captured over a period of 30 min. To rule out the effect of dye leakage vs. possible signal loss due to metal depletion, a second set of experiments was performed as described above, using HHBSS without calcium and magnesium for the final washing and imaging.
Inhibition of extrusion by active transport
Live HeLa cells were bathed in DMEM containing 1 μM of MagQ1-AM or MagQ2-AM, 0.01% Pluronic F-127, and 2.5 mM probenecid at R.T. for 30 min. The medium was then removed and the cells were rinsed with 2 mL of DMEM, followed by incubation in fresh DMEM containing 2.5 mM probenecid at R.T. for 1 h to allow deesterification of the AM esters. The medium was then removed and cells were washed twice with HHBSS (20 mM HEPES-buffered HBSS containing 0.8 mM MgCl 2 , 1.8 mM CaCl 2 and 2 g/L glucose) and bathed in 2 mL HHBSS with 2.5 mM probenecid for fluorescence imaging over a period of 1 h. Control experiments were performed using similar protocol, using media without probenecid for sensor loading and fluorescence imaging, as described in the general sensor loading and fluorescence imaging section.
Response to Mg 2+ or Ca 2+ influx
To verify that the sensors are responsive to Mg 2+ influx, cells were loaded with 1 μM of MagQ1-AM or MagQ2-AM as described in the general sensor loading protocol, followed by washing and initial imaging in HHBSS without Ca 2+ and Mg 2+ .
Subsequently, 1 mL of HHBSS solution containing 10 μM of 4bromo A23187 ionophore and 30 mM MgCl 2 was added to the plate while on the microscope stage, and additional fluorescence images were captured over a period of 30 min. A similar experiment was performed using 3 mM CaCl 2 , instead of the 30 mM MgCl 2 , to induce a cellular influx of Ca 2+ and study the possible interference of this ion in the detection of endogenous Mg 2+ .
Cell viability studies
CellTiter-Glo® Luminescent Cell Viability Assay (Promega) was performed to assess the cytotoxicity of MagQ1 and MagQ2. HeLa cells plated in a white opaque 96-well plate (20,000 cells per well) were bathed in DMEM (100 μL) containing various concentrations of MagQ1-AM or MagQ2-AM (1, 5, or 10 μM) with 0.01% Pluronic F-127 at R.T. for 30 min. The medium was then removed and the cells were incubated in fresh DMEM (100 μL) at R.T. for 1 h to allow deesterification of the AM esters, as described in the general cell loading procedure above. Cells were washed and treated with CellTiter-Glo® Reagent (Promega, 100 μL) according to the manufacturer's protocol. Control experiments were performed in the same fashion, using DMSO as vehicle. Luminescence was read using a FlexStation 3 Multi-Mode Microplate Reader from Molecular Devices. Results shown are averages from eight replicas.
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